Abstract-One challenge for UHF RFID passive tag design is to obtain a low-profile antenna that minimizes the influence of nearbody or attached objects without sacrificing both read range and universal UHF RFID band interoperability. A new improved design of a RFID passive tag antenna is presented that performs well near problematic surfaces (human body, liquids, metals) across most of the universal UHF RFID (840-960 MHz) band. The antenna is based on a low-profile printed configuration with slots, and it is evaluated through extensive simulations and experimental tests.
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I. INTRODUCTION

R
ADIO frequency identification (RFID) has emerged as one of the most popular methods for asset, person, and object identification through the use of active or passive chipped tag antennas bearing a univocal identification code [1] .
Currently, UHF RFID passive tags present the lowest cost and cover a wider range of applications [2] . The UHF RFID frequency band of operation extends from 840 to 960 MHz divided into four world regions: (840-845 MHz) China, EU (865-868 MHz), US (902-928 MHz), and Japan (950-956 MHz) [3] .
Several applications involving passive UHF RFID are possible, such as patient identification, localization, and monitoring in hospitals [4] ; inventory management in warehouses, supermarkets, and shops; or suitcase security and tracking in airport luggage operations [5] .
However, most of the UHF RFID tags are not immune to the nearby presence of metals, liquids, or the human body, which affect tags' read range. Different approaches are commonly used to deal with this difficulty. Active tags are commonly used for near-body RFID: A commercial active wristband tag operating in 2.54 GHz RFID is presented in [6] for personnel localization within 100 m read range with more than 4 years of battery life. However, active tags are significantly more expensive at UHF than the passive alternatives. A good RFID tag antenna example is presented in [7] , based on a planar inverted-F antenna (PIFA), which is immune to the platform. In [8] , a circular polarization square patch antenna is proposed for metallic surfaces with high reading ranges. Both have very narrow operation bandwidth. In [9] , a bowtie slot antenna has been co-designed with an artificial magnetic conductor (AMC) to make the RFID tag usable with metallic objects. However, the AMC more than triples the area required for a similar antenna in free space.
In [10] and [11] , a novel UHF RFID passive tag configuration is reported for applications like human monitoring and metallic cylinder tracking. This solution is again limited to a narrow bandwidth that is tuned for the US UHF RFID band. This configuration inspired the solution presented in this letter to extend the operation to the universal UHF RFID bands, while simultaneously complying with the following requirements: adequate for commercial passive RFID chips, low profile, high reading range, and immune to the close vicinity of nearby objects, thus advancing with respect to solutions like [7] - [11] . A preliminary configuration was analyzed in [12] through simulation. This letter extends the study to include extensive experimental characterization of the antenna along with RFID system performance tests when the antenna is assembled with a commercial UHF RFID chip.
II. TAG DESIGN
A tag's read range is related to the square root of the power transmission between antenna and microchip. The power reflection coefficient is related to the power transmission coefficient through [13] (1) where and are the complex antenna and microchip input impedances, respectively. To deliver the maximum power to the microchip (i.e., and ), the antenna impedance has to be conjugatematched to the microchip impedance. The present antenna is optimized to work with the commercial Alien Higgs-2 EPC Class Gen 2 chip [14] . The frequency dependence of the microchip impedance has been taken into account in the calculations using the manufacturer provided model.
When studying the influence of the human torso in all simulation studies ahead, this is represented by a stratified four-layer parallelepiped body model based on [15] (Fig. 1) . The adoption of a parallelepiped shape instead of an elliptical cylinder as in [15] favors simulation speed without affecting the results.
1536-1225/$31.00 © 2013 IEEE Fig. 1 . CST Rectangular cube model of the human torso with dielectric constant and conductivity for the layer tabulated at 870 MHz [15] . Values used for the dielectric constant and conductivity are presented in Table I for 870 MHz [15] . The antenna is positioned 2 mm away from the skin as if it was attached to the person's clothes.
III. ANTENNA DESIGN AND CHARACTERIZATION
The proposed antenna configuration derives from a simpler RFID tag antenna from [11] that is intrinsically narrowband and thus fails to comply with the whole world UHF RFID band. However, this is still interesting as a starting point because it is low-profile and insensitive to the body presence. The original antenna is formed by two quarter-wavelength patches shorted to the ground at the edges. For the sake of comparison to the new antenna, the original one was reproduced after slight design adjustments: Instead of FR4 plus foam substrate used in [11] , a 1.575 mm thick Rogers RT5880 was used as substrate in order to improve the tag antenna efficiency and increase its mechanical stability. The tag parameters were reoptimized to cope with that change and to retune it for the EU band (865-868 MHz) to make it compatible with EU RFID readers. This is onwards referred as the BTA1 antenna.
The new antenna proposed in this letter retains the two quarter-wavelength patches shorted at the longitudinal edges (by two shorting plates, SP1 and SP2). However, an internal loop is introduced as shown in Fig. 2 . This loop is delimited by a 1 mm width slot pattern that forces currents to circulate around the RFID microchip that is soldered at the central part of the loop.
With this modification, new optimization parameters are introduced (see Fig. 2 ) that allow further degrees of freedom to extend the antenna operation bandwidth. As in BTA1, the antenna length, width, and gap parameters determine the tag's basic tuning to a target frequency. The additional parameters (LL, LW, LaL, and ISD) make it possible to keep the magnitude of the surface current near the tag feeding point from changing with frequency as abruptly as in BTA1. Those parameters control the slope of the real and imaginary parts of the input impedance curves that conjugate-matches the chip's complex input impedance over a broad operation bandwidth. The final dimensions of the patches and ground are 67.5 32 and 137 32 mm , respectively. The loop length (LL) is 73 mm, the loop width (LW) is 21 mm, the loop arm length (LaL) is 50 mm, the internal slots distance (ISD) is 4 mm, and the gap is 2 mm wide. This antenna is onwards referred to as BTA2.
Simulated input impedance obtained with CST Transient Solver is presented in Fig. 3 for BTA1 and BTA2 in free space and near the body. BTA1 impedance presents very high slope versus frequency, and this cannot be improved acting on its design parameters. This result is similar to what was presented in the original papers [10] and [11] . BTA2 impedance results show less change than BTA1 inside the frequency band of interest, and the impedance values are near the microchip's conjugate impedance. The implication on power coupling to the chip is analyzed in Section IV together with measured results.
IV. EXPERIMENTAL ELECTROMAGNETIC (EM) CHARACTERIZATION
For experimental evaluation, two copies of BTA1 and BTA2 were fabricated using a photolithographic etching procedure. BTA2 is shown in Fig. 4 . One of the copies was integrated with an external balun based on [17] to enable balanced-port impedance measurements using a coaxial port vector network analyzer, Agilent E8361A PNA. Following appropriate port calibration [17] , input impedance of BTA1 and BTA2 was measured both in free space and when attached to a human torso [ Fig. 4(b) ].
Power reflection coefficients were calculated from this data using (1) . Comparison to simulations is presented in Figs. 5 and 6 for BTA1 and BTA2, respectively. There is a slight shift between simulated and measured curves due to fabrication tolerance and uncertainty of the balun's calibration procedure. Nev- ertheless, the power reflection coefficient curves clearly demonstrate that the bandwidth of the new antenna is significantly improved and that the half-power bandwidth criterion for the entire UHF RFID band is only met by BTA2. This proves the concept, but still it is worth evaluating how BTA1 and BTA2 perform near other difficult surfaces. Impedance measurements were carried with BTA antennas attached to a water bottle and to a tin can. For a better understanding of the best tag placement on a cylindrical surface, the antennas were also characterized in two different orientations, vertical and horizontal. Power reflection coefficient results are presented in Fig. 7 . As expected, BTA2 complies with the full half-power bandwidth criterion for both objects and for both orientations.
V. RFID SYSTEM TESTS
The second copies of fabricated BTA1 and BTA2 antennas were integrated with the commercial chip Alien Higgs-2 EPC Class Gen 2. This allowed performing RFID range tests, the ultimate proof of concept. The chipped BTA antennas were mounted on the azimuth positioner of an anechoic chamber attached to Styrofoam (emulating free space), live body torso, bottle of water, and tin can. Similar tests were also performed in the same conditions with a standard Alien ALN-9640 Squiggle RFID tag in order to compare BTA range with a general-purpose commercial tag. Vertical and horizontal orientations were considered for all cases.
Alien circular polarization (ALR-860-AC) antenna [14] was placed in front of the target antenna at an adjustable distance from 0 to 5 m. This antenna was connected to a Sirit Infinity UHF Reader [17] . Its power attenuation was adjusted to 8 dB to ensure that the maximum detectable range could fit inside the available 4 m length inside the anechoic chamber. By changing the measurement distance and by rotating the azimuth positioner from 0 (front-to-front antenna alignment) to 180 , the edge of the detection region was found for the main planes of the antennas under test. Since these antennas are symmetrical, the same behavior is expected between 0 and . Detection range results for 866 MHz are presented in Figs. 8-11 . The larger metal area of BTA2 explains its larger range in free space since it permits to capture more energy from the electromagnetic waves radiated by the reader antenna. When attached to the human body, water bottle, or tin can, both BTA antennas show comparable range, but the commercial tag shows insignificant range as expected. Range similarities between both BTA antennas are explained by similar power reflection performance of the two BTA antennas at 866 MHz as seen in the measured results from Figs. 5 and 6. The results from these figures together with those from Fig. 11 demonstrate that the developed BTA antennas are fully operational. Although the RFID tests cannot be performed for other RFID subbands because the available Sirit reader is factory limited to operate only in the European subband, it is clear from the measured results of Figs. 5-7 that BTA2 will work throughout the full UHF RFID band, while BTA1 is band-limited. It is noted that using reader maximum regulated power in an outdoor open environment, BTA2 exhibits about 12 m steady range in free space and about 5 m when attached to a body torso, a water bottle, or a tin can. The Alien squiggle tag reached 6 m in free space with the same reader power, but insignificant readings were obtained when attached to the other objects.
VI. CONCLUSION
A simple, passive, low-profile RFID tag antenna is presented (BTA2) that operates near different kinds of difficult surfaces and in free space, keeping the compatibility with most of the universal UHF RFID band from 840 to 960 MHz (13.3% bandwidth). The tag bandwidth is of the order of 17% in free space and about 13.7% when attached to the human body torso, with read ranges about 5 m. The broadening of the tag operation band was obtained by the introduction of appropriate slots in the top metallization of the antenna to control the slope of the real and imaginary parts of its input impedance to better match the chip complex impedance. To reduce the tag cost, the antenna can be redesigned using a cheaper substrate (like FR4). However, those materials tend to have higher loss tangent than Duroid, negatively impacting on the tag range.
